Abstract Motion at the knee joint is a complex mechanical phenomenon. Stability is provided by a combination of static and dynamic structures that work in concert to prevent excessive movement or instability that is inherent in various knee injuries. The anterior cruciate ligament (ACL) is a main stabilizer of the knee, providing both translational and rotatory constraint. Despite the high volume of research directed at native ACL function, pathogenesis and surgical reconstruction of this structure, a gold standard for objective quantification of injury and subsequent repair, has not been demonstrated. Furthermore, recent studies have suggested that novel anatomic structures may play a significant role in knee stability. The use of biomechanical principles and testing techniques provides essential objective/quantitative information on the function of bone, ligaments, joint capsule, and other contributing soft tissues in response to various loading conditions. This review discusses the principles of biomechanics in relation to knee stability, with a focus on the objective quantification of knee stability, the individual contributions of specific knee structures to stability, and the most recent technological advances in the biomechanical evaluation of the knee joint.
Introduction
Motion at the knee joint is a complex mechanical phenomenon with displacements occurring across multiple planes of motion [1] . The inherent stability of the knee is provided by a combination of primary and secondary stabilizers, each serving as a relative restraint to motion across a specific plane of motion [2] . The anterior cruciate ligament (ACL) is one of the most frequently injured [3] and, likewise, most highly studied structures in the knee joint. As a key component of anteriorposterior and rotational knee stability [4] , surgical reconstruction of the ACL is a critical step in returning individuals to function after injury. However, despite the volume of research in the field of ACL and other ligamentous knee injuries, no "gold standard" treatment protocol has been identified for these patients [5, 6] . Recent advances in the field of biomechanics have enabled scientists to perform comprehensive analyses of knee function, yielding objective kinematic assessments of knee motion in the intact, injured, and reconstructed states.
Biomechanical analyses provide essential information about the complexities of how bone, cartilage, and other soft tissues behave. Through biomechanical analyses, information such as mechanical properties of tissues and structural properties of bone-ligament-bone complexes, forces experienced by certain structures, contact pressures for osteoarthritis, and joint kinematics can be evaluated. Additionally, biomechanical analyses can be used to quantitatively determine the effectiveness of certain treatments and surgical techniques by assessing changes in biomechanical parameters. As a result, the understanding of basic biomechanics helps surgeons optimize their surgical techniques to improve outcomes for their patients.
This has allowed physicians to better tailor treatment regimens and provide "individualized" knee reconstruction surgery. Most recently, a large amount of research has focused on the role of objective assessment of knee instability, operative strategies to restore native knee motion, and the contribution of specific anatomic structures to knee stability and patient outcome. In order to properly characterize the motion at the knee, an understanding of biomechanical principles is needed. This review/chapter will highlight the most recent biomechanical research surrounding the restoration of native knee motion, both in anterior-posterior (a-p) and rotational planes with focus on the objective assessment of the "pivot shift" phenomenon, while also examining the role of the anterolateral knee structures in both a-p and rotational knee stability.
Basic theory of clinical knee biomechanics and objective assessment
In the context of clinical knee measurement, often a simplified but subjective terminology is used to describe physical observations about the knee. For example, qualifiers such as instability and laxity are used interchangeably to describe a pathologic deviation from normal knee function in the literature. However, the definitions of these terms are ambiguous and do not provide objective information regarding the kinematics and function of the knee [7] . From a biomechanical standpoint, laxity can most likely be described as "the passive response of a joint to an externally applied force," whereas instability constitutes a "functional measure," expressed by the patient [8] . Laxity and instability can be better quantified by understanding the stiffness of a complex. Stiffness allows one to understand how a tissue resists deformation in response to forces. As a result, higher tissues with higher stiffness have the effect of limiting overall joint motion. However, abnormally high stiffness in tissues can over-constrain joint motion, as is possible in procedures such as extra-articular tenodesis. Thus, an increased laxity is not tantamount to knee instability nor an inferior outcome, as patients compensate differently and experience differing levels of disability [9] . In order to achieve standardized comparison of technique across patient populations, recent research has focused on the objective measurement of validated, subjective clinical exams such as the "pivot shift test." This specific clinical exam has been demonstrated as the most specific test for ACL deficiency, while also best correlating patient-reported outcome and the development of osteoarthritis [10] [11] [12] . Therefore, the objective reporting of this exam has significant value for both clinical and research outcomes.
The objective quantification of knee motion begins with the establishment of a suitable frame of reference, ideally directly comparable to the normal functional movement. With regard to the description of knee kinematics, a total of six independent degrees of freedom with three translations and three rotations (knee flexion/extension, external/internal rotation, adduction/abduction, anterior/posterior translation, compression/distraction, and medial/lateral shift) must be considered and reported. A fundamental framework for the knee joint is well described within the joint motion description proposed by Grood and Suntay [13] , which allows for the kinematic output of numerous objective assessment tools, including robotic testing systems, navigation systems, and electromagnetic tracking, commonly utilized during the physical examination of in vivo and in vitro knee joints.
Physical examinations are a mainstay of the diagnosis and management of patient-reported injury and functional impairment. In the documentation of ACL injury, the identification of excessive rotational knee motion, i.e., the pivot shift test, is highly valued for its specificity and predictive value [14] [15] [16] . During the pivot shift maneuver, the anterior tibial translation of the lateral compartment exceeds the motion in the medial compartment. This translation has been shown to correlate with clinical grading of the pivot shift [17] , making the objective quantification of this translation clinically significant. For the purpose of objective quantification of the pivot shift in both in vivo and in vitro settings, a variety of methods have been identified and described. These include electromagnetic tracking, surgical navigation, two-dimensional image analysis, and inertial sensors [18] . The techniques provide output that has historically been divided into four general categories, (1) translations, (2) rotations, (3) acceleration/velocity, and (4) calculated indexes, which aim to provide a standardized value for knee stability based on kinematic output. However, due to variability in performing physical examinations, attention must also be directed toward the use of standardized devices to simulate physical examinations and yield more consistent results [19] . From the in vitro setting, the use of customdesigned robotic mechanisms ( Fig. 1 ) and industrial robotic manipulators has enabled researchers to standardize the magnitude and direction of forces and moments applied to the knee [19] [20] [21] [22] [23] . This has allowed the practice of repeatable forces applied to the joint under study. These devices have a wide range of capabilities such as applying complex loading conditions, measuring joint motion, and determining the force in tissues. To analyze knee biomechanics using these devices, either static or continuous measurements are made during testing. Static tests show how a tissue or joint is behaving at a specific load or joint position. While static tests have direct clinical applicability, the quantity of data obtained from these tests is limited. Conversely, continuous tests show how a tissue or joint behaves throughout a range of loading levels or joint positions. In other words, while a static test may show the function of the ACL at 30°and 60°of knee flexion, a continuous test will show the function of the ACL at 30°through 60°o f knee flexion. As a result, continuous tests could be utilized to simulate clinical exams such as the pivot shift test in order to provide clinicians additional information about how the knee responds throughout the entire exam. The existence of this technology allows for the objective reporting of physical examination components and helps to shape clinical practice and operative strategies toward individualized patient outcomes. Specifically, the in vitro simulation of the pivot shift test typically includes application of valgus and internal rotation torques to the knee, and the resulting anterior tibial translation is reported as the primary outcome [19, 24, 25] . Several different clinical tools have been utilized to objectively report real-time subject kinematics in the clinical and operative settings. However, cost and ease of use have limited the widespread clinical applicability of these assessment devices. This has established the need for continued development and validation of new technologies to detect and quantify the pivot shift with ease of use for patients and clinicians alike. New technologies utilizing simple image analysis of anterior tibial translation and the measurement of lateral compartment acceleration during the tibial reduction have been utilized, and their output was shown to correlate with the clinical grade of pivot shift [26] [27] [28] [29] . The most recent studies concerning the emerging techniques for objective quantification of the pivot shift and their clinical significance will be described within this chapter. Likewise, a description of the most recent biomechanical studies for "hot-topic" orthopedic issues, including the anterolateral structures and individualized ACL surgery paradigms, will be described.
Objective quantification of pivot shift phenomena
The pivot shift test determines dynamic rotatory knee laxity and has significant clinical implications. After the first historical description of the test by Galway and MacIntosh [30] , many other variations have been described by physicians and researchers [31] [32] [33] . However, research has documented that the interpretation of the pivot shift test remains subjective and examiner dependent [17, [34] [35] [36] [37] . The attempt of quantifying the pivot shift test has proven difficult given the multiple techniques for the exam and the associated large variation in kinematics [37] . In addition, a primary reason for the difficulty to establish an objective measurement system is the complexity of the pivot shift movement. The pivot shift test and resultant translation of the lateral compartment are movements composed of tibial internal-external (i-e) rotation, varus-valgus (v-v) rotation, and anterior-posterior (a-p) translation [38] . The development of a standardized technique by Hoshino et al. has increased the reproducibility of the exam and likewise increased the consistency of objective quantification [16] . The most recent research in the field of objective quantification of the pivot shift has focused on the use of a novel two-dimensional image analysis tablet software, inertial sensors (including accelerometers and gyroscopes), and novel knee imaging devices [29, 39] .
A good correlation between a-p translation of the lateral compartment and the results of the clinical pivot shift test grade as shown are the basis for image analysis software [17] (Fig. 2) . This allowed for clinical marking of associated lateral compartment landmarks which could be captured with a high-resolution camera and processed accordingly. The bony landmarks of interest include the lateral epicondyle, Gerdy's tubercle, and the fibular head. With a digital camera, the intersection between the connecting line of Gerdy's tubercle and fibular head, and the perpendicular running connection to the lateral epicondyle is captured and deemed the "pivot point." The ratio of the distances between the pivot point and Gerdy's tubercle, and between Gerdy's tubercle and fibular head is then used to calculate the femoral AP position from the Gerdy's point. The anterior-posterior translation of the femoral AP position from the Gerdy's tubercle dependent during the pivot shift over time illustrates a sudden decrease (Fig. 3) , occurring simultaneously to the reduction of the tibia, Fig. 1 Image of a six-degree-offreedom robotic testing system with a cadaver knee mounted in the system during an experimental protocol (UFS = universal force/moment sensor) in ACL-deficient knees. This sudden decrease is used for the quantification of the pivot shift. However, ACL-intact knees do not show such a decline of the femoral AP position. This highlights the biomechanical role of the native ACL in rotatory stability. Using electromagnetic tracking to digitize the actual bony movement, a correlation with the motion of the skin markers was confirmed, so that the principle of image analysis was shown to be valid. Using a novel tablet-based software, the analyzing time is approximately to 10-15 s, with an average error of less than 6 % in distances less than or equal to 175 cm between tablet computer and marker position. A user-friendly interface is implemented to simplify the clinical application. All alterations considered these adjustments make simple image analysis to an easily applicable tool for the daily clinical work [40, 41•] .
In addition to image analysis made clinically affordable and easy to use with the development of tablet software, the use of inertial sensors has been found to provide real-time objective knee measurements [28] . With the use of a threedimensional accelerometer and three perpendicularly arranged gyroscopes, acceleration about the lateral aspect of the proximal tibia, closed to Gerdy's tubercle, is acquired with 110-Hz frequency and transmitted to a tablet computer device (Fig. 3) . The developed KiRA software (Orthokey LLC, Lewes, DE, USA) analyzes the data, plots the acceleration in relation to the time, and saves the data to a secure patient-oriented server. Identifying the corresponding curve generated by the pivot shift, the software automatically calculates the maximum and minimum acceleration of the limb, the range between those values, and the curve's slope as an indicator for smoothness [42•] . The reliability in using this device was evaluated [43] , confirming the differences between ACL-intact and ACL-deficient knees, illustrating post-operative deceleration (relative to pre-operative state), and confirming a successful outcome. A recent study demonstrates a significant decrease in femoral acceleration at the point of tibio-femoral reduction, with strong correlation (r = 0.84, p < 0.0001) demonstrated between acceleration decrease and clinical grade [44] . Future study into the use of tibial and femoral acceleration values are needed to document ease of use, and focus on new technologies that decrease the cost of acceleration-based quantification systems is needed.
An additional device is in preliminary assessment for the documentation of ACL-deficient kinematics with open MRI technology and a specific positioning device. The KneeMRI (KneeM) device is a brace-like imaging setup which exerts an anterior drawer force of 100 N and an internal rotation force of 20 N throughout the range of flexion (0°, 20°, 40°, and 60°, respectively). This allows for characterization of tibio-femoral spatial relationships across the full range of flexion using high-sensitivity MRI imaging. Testing both ACL-deficient and healthy contralateral knees, a significant difference in the anterior translation of the lateral compartment at 0°and 20°of flexion (p = .005 and p = .002, respectively) was demonstrated [39] . In addition, the lateral plateau of ACLdeficient knees was found to translate 7.7 mm posteriorly between 20°and 40°of flexion, an important finding as this is where the pivot shift phenomenon has been documented to occur [45, 46] . This study suggests that measurement of tibiofemoral kinematic during flexion using the KneeM device was useful for quantifying rotatory laxity in ACLdeficient and may provide clinicians with enhanced understanding of knee stability on review of knee imaging. More studies are needed for continued validation and ease of use for this novel technology.
Anatomical and biomechanical implications of the anterolateral knee structures
The restoration of rotational knee stability has emerged as a major focus in most recent literature due to its association with optimal patient outcome and prevention of osteoarthritis. The contribution of the individual anterolateral knee structures (Fig. 4) to static and dynamic stability of the knee joint has been well described in past literature but has recently become a primary focus of rotatory knee stability [47] . Historically, the anterolateral capsule has been described as a secondary stabilizer of anterior translation and rotation of the lateral compartment [14] . This has been well documented in instances of combined injury to the anterior cruciate ligament and the anterolateral structures, where increased anterior translation and increased internal rotation at 90°of flexion has been quantified compared to isolated ACL injuries [48] . Furthermore, the addition of lateral capsule or ALL ligament injury to an isolated ACL injury has increased the magnitude of the reduction during the pivot shift test in cadaveric navigation and robot studies, establishing its role in the control of dynamic rotational laxity [14, 49] . Given this historical literature that has outlined the role of the lateral structures in rotatory stability [50] [51] [52] [53] , this proposed "ligamentous" structure and the "capsulo-osseous layer of the iliotibial band" appear to have similar roles in providing knee stability. Furthermore, in order to determine the in situ forces in the anterolateral structures as well as their contributions to joint stability, the principle of superposition must be applied appropriately during the use of robotic testing systems. The principle of superposition requires three fundamental assumptions: (1) There is no interaction between the structures of interest, (2) the bony tissue is rigid relative to the ligaments, and (3) the position of each bone is accurately reproduced [54] . Dissection of the anterolateral capsule or iliotibial band (ITB) or both results in increased rotational movement in ACL-deficient knees, indicating a secondary role of these structures in rotational stability. These results were obtained in cadaveric studies, with the individual use of a navigation system, electrogoniometer and robotic testing system to document objective knee movement [14, 48, 55, 56] . Recently, the ITB has been demonstrated to have large contributions in the restraint of lateral tibial translation and tibial internal rotation [57•] . However, research has shown that resection of the ITB may diminish reduction of the tibia during the pivot shift test [58] . In addition, the ITB acts as an ACL agonist, suggesting that using an ITB graft for extraarticular reconstruction may hinder its function as a restraint to the knee [56] .
Despite the understanding of the anterolateral structures as a restraint, recent publications of a newly discovered "anterior longitudinal ligament" has engaged the research community in a re-examination of the anatomical, histological, and biomechanical components of the anterolateral capsule [59, 60] . Recent anatomic study has reported the dissections of 24 different animal species in which a double lateral collateral ligament (LCL) was observed in three types of primates, but no discrete ALL was ever discovered. Further, the dissection of several human fetuses aged 18-22 weeks also demonstrated no distinguishable anterolateral ligament within the capsule Fig. 4 The lateral knee structures involved in providing rotatory knee stability. LCL, lateral collateral ligament; ITB, iliotibial band; ALC, anterolateral capsule [61] . These observations suggest a negative selection against this feature in human evolution. The macroscopic anatomy, histology, and radiology of the anterolateral capsule in mature human cadaver specimens were also recently examined and revealed that only 30 % of the specimens showed a discrete thickening of 2-4 mm on magnetic resonance imaging (MRI) [62•] . However, no discrete thickening was observed upon arthroscopic trans-illumination of these same specimens. Furthermore, a comparative histologic analysis of this "capsular thickening" and the LCL was performed and the LCL was found to be comprised of a clear, linear alignment of collagen fibers, while the anterolateral capsule was less organized and did not display the characteristics of a "true ligament" [62•] .
The anterolateral structures contribute biomechanical restraint to knee motion [14, 48, 55, 56, 57•] . However, there has been an inability to observe and document specific damage patterns to this structure during ACL injury. In a recent arthroscopic evaluation of 150 patients with an ACL injury, no damage to the anterolateral capsule and no discrete thickening or ligamentous structure were found. Tensile testing of this region of the anterolateral capsule demonstrated that the capsule has four times less stiffness, five times less ultimate load, and two times the ultimate elongation compared to other knee ligaments [63] . During a simulated pivot shift test using a robotic testing system, the contribution of this region of the anterolateral capsule to knee stability was negligible. Interestingly, the use of dynamic stereo X-ray to evaluate knee kinematics after ACL reconstruction has demonstrated increased tibial external rotation in the operated knee. This would suggest that an additional anterolateral restraint might further worsen the abnormal kinematics by increasing the external rotation and placing a non-anatomic constraint upon the knee joint. Furthermore, reconstruction of the ALL has not been shown to restore knee kinematics in knees with high rotational motion [64] . In fact, over-constraint of the knee joint has been demonstrated as a result of extra-articular stabilization procedures, resulting in a decrease in functional internal rotation after a combined ACL reconstruction and extraarticular tenodesis [65, 66] . Although the structure and function of the anterolateral capsule have been well documented, there continues to be a lack of evidence for a discrete anatomical structure. Likewise, the supporting biomechanical evidence for an extra-articular repair strategy has not been convincing. Therefore, continued biomechanical study into the individual components of the anterolateral knee structures and their individual role in establishing translational and rotational constraints is needed.
The restoration of knee kinematics; individualized ACL surgery
The aim of ACL reconstruction focuses on restoring patientreported activity and optimizing outcome on an individual basis. From an objective standpoint, this is often qualified as the ability to eliminate the pivot shift, which documents a return to native rotational stability. Many structures and anatomical characteristics can influence the grading of the pivot shift test and are involved in the genesis and magnitude of rotatory instability after an ACL injury and subsequent repair. These include tibial slope, tunnel placement, and ACL graft selection among others. The objective quantification of the pivot shift may be able to categorize knee laxity and provide adequate information on which structures are affected besides the ACL. A new algorithm for rotational instability treatment utilizing objective knee kinematics data and patients' unique anatomical characteristics is discussed here for an individualized, patient-centered treatment protocol.
A study recently reported upon the use of gait kinematics data from healthy individuals in a finite element (FE) model for prediction of ACL force across varying posterior slopes. Historically, a decreased tibial slope was found to be protective against anterior tibial translation in ACL-deficient knees [67, 68] . Likewise, another study [69] compared an ACL-deficient group (n = 100) with a control group (n = 100) and found that an increased tibial slope is associated with ACL rupture and higher grades in the pivot shift test. The findings of this most recent model state that ACL biomechanical forces increase with an increasing posterior tibial slope and are caused primarily by change in posterior tibial slope at the tibial plateau that carries a larger portion of joint contact force [70] . This report parallels recent studies that document a higher risk of ACL tear with increasing posterior tibial slope [71] , as well as an increase risk factor for a high-grade pivot shift [72] . However, an additional recent biomechanical study demonstrated no increase in ACL strain with increasing posterior tibial slope (p < 0.05) and decreased internal rotation under combine flexion and internal rotation load with increasing posterior tibial slope [73] . These studies highlight the need for further in vivo and in vitro analysis of posterior slope in ACL-intact and ACL-deficient knees to understand the individual contribution to rotational instability.
In restoring native kinematics, the fixation of proper soft-tissue grafts is critical in providing individualized reconstruction. Recent study has focused on the use of quadriceps tendon to achieve restoration of anatomic knee kinematics. From a biomechanical standpoint, tensile tests demonstrated that cross-sectional area of the quadriceps tendon graft was nearly twice that of the bone-patellabone graft with ultimate load to failure, and stiffness was also significantly higher for the QT graft. Recent in vitro study demonstrated quadriceps tendon to restore native kinematics to an ACL-deficient knee, with double-bundle quadriceps tendon restoring in situ ACL graft forces to more similar than that of the intact ACL [74] .
Concluding remarks
In order to properly restore knee kinematics with surgical intervention, paradigms for the assessment of both in vitro and in vivo knee motion are needed. Despite the advances in assessment techniques, fundamental questions regarding static or continuous measurement have remained unclear. Recent work has highlighted the importance of continuous assessment of knee motion in robotic testing [75•] . Continuous monitoring allows for more data collection across the range of flexion, potentially elucidating trends across small subdivisions of the range of flexion that engage different constraints and anatomical points.
The focus for ACL-deficient knees should remain on optimizing patient outcome, with the goal of restoring the native anatomy. This native, uninjured state needs proper biomechanical characterization about the multiple degrees of freedom that comprise motion at the knee joint. Biomechanical principles, including the principle of superposition, need to be utilized properly and incorporated into research study design to determine the structure and function of knee ligaments and capsular structures. Research should continue to be directed to individual patient factors, including the presence of pivot shift and injury to anterolateral capsule, with patient-specific factors used for graft choice, adjustment of bony morphology, reconstruction method, and tunnel placement.
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